Our aim was to isolate and characterize white spot syndrome virus (WSSV)-binding proteins from shrimp. After a blot of shrimp hemocyte membrane proteins was overlaid with a recombinant WSSV envelope protein (rVP28), the reactive bands on the blot were detected using anti-VP28 antibody. Among three membraneassociated molecules identified by liquid chromatography-tandem mass spectrometry, there was a 25-kDa protein that bound to both rVP28 and WSSV. Since it had a primary structure with high homology to the small GTP-binding protein Rab7, we named it Penaeus monodon Rab7 (PmRab7). The full-length PmRab7 cDNA was obtained, and results from a glutathione S-transferase pull-down assay confirmed specific binding to rVP28. Reverse transcriptase PCR analysis revealed PmRab7 expression in many tissues, and real-time PCR analysis revealed that expression was constitutive. Binding of PmRab7 to rVP28 or WSSV occurred in a dose-dependent manner and was inhibited by anti-Rab7 antibody. In an in vivo neutralization assay, the number of dead shrimp after challenge with WSSV plus PmRab7 (15%) or WSSV plus anti-Rab7 antibody (5%) was significantly lower than after challenge with WSSV alone (95%). In contrast to the WSSV-injected group, shrimp injected with WSSV plus PmRab7 or WSSV plus anti-Rab7 showed no WSSV-type histopathology. We conclude that PmRab7 is involved in WSSV infection in shrimp. This is the first study to identify a shrimp protein that binds directly to a major viral envelope protein of WSSV.
White spot syndrome virus (WSSV) is a viral pathogen that emerged in the early 1990s and has since spread throughout Asia and to the Americas. Diseased shrimp are lethargic and slow swimming and show reduced feed consumption. Histopathology has revealed that WSSV-infected shrimp tissues are of ectodermal and mesodermal origin (3, 6, 19, 39) . WSSV is an ellipsoid to bacilliform, enveloped particle of about 275 nm in length and 120 nm in width, with a tail-like appendage at one end. It is the type species of the genus Whispovirus in the family Nimaviridae (36) . It is unique, with an infection strategy that does not match infection models of any other known virus, and must therefore be investigated ab initio.
All three of the WSSV isolates that have been sequenced have a genome of about 300 kbp, and genetic comparisons have shown a high degree of genetic similarity (16) . The availability of the complete WSSV sequence facilitates the global molecular characterization of the virus by genomic and proteomic approaches and has recently led to the discovery of many important WSSV genes, including latency-associated genes (10, 11) , immediate-early genes (15) , many other nonstructural genes (5, 29, 30, 33) , and more than 39 structural genes (6, 13, 19, 31, 32, 35, 43) . To date, however, little is known of the interaction between shrimp and WSSV at the cellular and molecular levels.
Neutralization experiments with a major WSSV envelope protein, VP28, have shown that it is involved in systemic infection of WSSV (34) . It has further been shown that VP28 is able to bind to the surface of shrimp cells (41) and that feeding with recombinant VP28 can protect shrimp from WSSV infection (38) . However, until now there have been no reports on the interaction of VP28 with a specific shrimp protein(s). Therefore, in the present study, to identify shrimp hemocyte membrane (SHM) proteins involved in WSSV binding, a virus overlay protein binding assay (VOPBA) was performed (9, 21) . VP28 was selected as the WSSV target because it is the most abundant exposed protein in the WSSV envelope (32) . One of the candidate proteins from this assay was further characterized, and its full-length sequence was analyzed. Its expression pattern in response to WSSV infection was investigated, and a glutathione S-transferase (GST) pull-down assay tested the specificity of its binding to recombinant VP28 (rVP28). An enzyme-linked immunosorbent assay (ELISA) and an in vivo neutralization assay were also conducted. This is the first study to describe the specific binding of a shrimp protein to the WSSV major structural protein VP28.
MATERIALS AND METHODS
Shrimp. Shrimp (Penaeus monodon) were injected with WSSV stock in our laboratory to prepare WSSV-infected shrimp. Hemolymph was collected from Penaeus monodon brood stock (40 shrimp) received from the Thailand brood stock domestication program (BIOTEC, Bangkok, Thailand) and used to prepare a hemocyte membrane fraction. Domesticated white shrimp (Penaeus vannamei, also called Litopenaeus vannamei) that were specific pathogen free (meaning free of specifically listed pathogens, including WSSV) were obtained from SyAqua Thailand and used for neutralization tests.
Expression and purification of recombinant WSSV VP28 protein. The WSSV VP28 gene was PCR amplified from WSSV genomic DNA by using the forward primer 5Ј-GGA TCT AAG CTTA (CAT) 6 ATA ATG GAT CTT TCT TT-3Ј and the reverse primer 5Ј-CAA TGA GCT CTT ACT CGG TCT CAG TG-3Ј. The forward primer contained recognition sequences for HindIII with a His 6 tag, and the reverse primer had a recognition site for SacI. For the template, DNA was extracted from a WSSV-infected shrimp that had been diagnosed using a commercial WSSV detection kit (IQ2000 WSSV detection kit; Farming Intelligene Co., Ltd., Taiwan). The PCR amplicon was cloned into pET-17b vector (Novagen). The recombinant plasmid was transformed into Escherichia coli strain BL21, and the insert was confirmed by sequencing. The fusion recombinant protein (i.e., as rVP28) was purified by Ni-nitrilotriacetic acid-ribotriacetic acid affinity chromatography according to the manufacturer's protocol (QIAGEN). The purified rVP28 was stored at Ϫ20°C.
Preparation of shrimp hemocyte membrane protein. Hemolymph from adult specific-pathogen-free shrimp was collected in AC-1 anticoagulant solution (27) at a hemolymph/AC-1 ratio of 1:2. The hemocyte pellet was collected, resuspended, and homogenized in 0.9% NaCl. This lysate was then sedimented by centrifugation, and the supernatant portion was collected and ultracentrifuged at 100,000 ϫ g for 1 h at 4°C. After ultracentrifugation, the pellet was solubilized in NaCl/phosphate buffer (7) with 1% Triton X-100, 1ϫ protease inhibitor mix (Amersham Biosciences). The suspension was ultracentrifuged, and the supernatant was collected and referred to as shrimp hemocyte membrane protein solution. The total protein concentration in SHM protein solution was determined using Bradford's reagent protein assay (Bio-Rad). To determine the membrane protein profile, the SHM fraction was subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stained with Coomassie brilliant blue.
Western blot analysis of rVP28. Purified rVP28 was separated by standard SDS-PAGE (12) . For immunoblotting experiments, the purified rVP28 was electrophoresed and transferred to a nitrocellulose membrane (Amersham Biosciences). The membrane was immersed in blocking buffer (5% skim milk in 140 mM phosphate-buffered saline [PBS]) before incubation overnight at 4°C with a 1:1,000 dilution of mouse anti-VP28 antiserum (kindly provided by P. Sithikornkul, Srinakarinwirote University, Bangkok, Thailand). The blot was then washed twice and incubated for 2 h with a 1:2,000 dilution of goat antimouse immunoglobulin G conjugated with horseradish peroxidase (HRP) (Zymed). Subsequently, the blot was washed extensively and the color was developed with an AEC (red) substrate kit (Zymed).
Determination of WBPs by VOPBA. To identify hemocyte membrane proteins involved in WSSV binding, a VOPBA was carried out (9, 21) . SHM (50 g) was separated by 12% SDS-PAGE and then transferred to a nitrocellulose membrane. Prior to the binding assay, the membrane was incubated with 5% skim milk in PBS buffer for 1 h. Following two washes, the membrane was equilibrated for 20 min with binding buffer (10 mM Tris-HCl [pH 6.5], 5 mM CaCl 2 , 10 mM MgCl 2 ). Subsequently, the membrane was incubated with 0.8 mg of affinitypurified rVP28 (dialyzed against binding buffer at 4°C for 48 h) diluted in binding buffer with 0.02% skim milk and 1% Triton X-100. The membrane was exten-sively washed and WSSV-rVP28-binding proteins (WBPs) were detected by incubating with diluted mouse anti-VP28 antiserum (1:1,500). After washing, the blot was incubated with rabbit anti-mouse IgG-conjugated HRP (Roche). The hemocyte membrane proteins that interacted with rVP28 were detected by the addition of HRP substrate (0.003%
Mass spectrometry analysis. For internal sequence analysis, the WBPs were excised from the 12% SDS-polyacrylamide gel and separately digested overnight in gel with trypsin at 37°C. Liquid chromatography-electrospray ionization tandem mass spectrometry was performed, and the MASCOT program was used to analyze the results as described by Tsai et al. (31) .
Expression of recombinant PmRab7. The nucleotide sequence of shrimp Rab7 cDNA was identified from the information in a Taiwan expressed sequence tag library constructed from whole postlarval shrimp (C. F. Lo, unpublished data). The P. monodon Rab7 (PmRab7) sequence was analyzed and aligned with those of other Rab proteins from other microorganisms with BLAST 2.0 (http://www .ncbi.nlm.nih.gov/BLAST/) and Clustal W 1.7 multiple sequence alignment (http: //www.ebi.ac.uk/clustalw/). Primers were designed to clone full-length PmRab7 in frame with both pET17b (Novagen) and pGEX4T-1 vector (Amersham Biosciences) for the production of recombinant PmRab7 fused with a His tag at its N terminus and GST at its C terminus, respectively. For pET17b vector, the forward primer 5Ј-CGA CGA TAG GTA CCC ATG GCA TCT TCG AA-3Ј and the reverse primer 5Ј-TCG AGA CTC GAG GTG ATG GTG ATG GTG ATG TTA GCA AGA GCA TG-3Ј were used. For GST fusion, the PmRab7 forward primer 5Ј-CGA CGA GAT GAA TTC ATG GCA TCT CGC AAG AA-3Ј and the PmRab7 reverse primer 5Ј-CTA CTA GAG CGG CCG CGC AAG AGC ATG CAT-3Ј were used. The protein was expressed in E. coli strain BL21 for the pET17b vector (as described above), whereas the protein with the GST tag was expressed in bacterial strain DH5␣ (Novagen). Protein production was accomplished by standard methods for bacterial growth, followed by induction with IPTG (isopropyl-␤-D-thiogalactopyranoside). The August 2006, Thai patent applications 0601004059 and 0601004060), whereas the GST-PmRab7 was used in GST pull-down assays. The rPmRab7 amino acid sequence was confirmed by liquid chromatography-electrospray ionization tandem mass spectrometry as described above. The specific binding of anti-Rab7 antibody to rPmRab7, as well as to Rab7 in SHM, was tested by Western blot analysis.
GST pull-down assay. The GST fusion protein was purified using glutathione-Sepharose 4B resin (Amersham Biosciences). For the pull-down experiment, the interaction between rVP28 and GST-PmRab7 was examined by incubating purified GST-PmRab7 (1 g) with a glutathione-Sepharose 4B resin (50 l of a 50% bed slurry) for 1 h. Purified rVP28 was added, and incubation was continued for another 2 h at room temperature. Control reactions with GST plus rVP28, GST-PmRab7 plus bovine serum albumin (BSA), and GST-PmRab7 alone were included in the assay. After incubation, the beads were washed 10 times with PBS, pH 7.5. Fusion proteins were eluted by the addition of buffer containing reduced glutathione. The proteins were resolved by 12% SDS-PAGE and transferred onto nitrocellulose membranes. Blots were incubated with antihistidine antibody conjugated with HRP (Amersham Biosciences) and visualized using HRP substrate, as described above. To confirm the presence of GST-PmRab7, the blots were tested with anti-GST antibody conjugated with HRP (Amersham Biosciences).
Analysis of expression of the PmRab7 transcript. Total RNAs were extracted from different organs (gill tissue, lymphoid tissue, hepatopancreas, stomach, heart, and hemocyte) of penaeid shrimp (WSSV-free P. monodon) by using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Reverse transcriptase PCRs (RT-PCRs) were carried out using the SuperScript III onestep RT-PCR kit (Invitrogen). The primer set used was the same as for GST-PmRab7 plasmid construction. The reactions were performed with the annealing temperature at 55°C. The amplified products were analyzed by electrophoresis on a 1.2% agarose gel.
For quantitation of WSSV, a TaqMan probe for WSSV detection was 6-carboxyfluorescein-5Ј-CGC TTC AGC CAT GCC AGC CG-3Ј-6-carboxytetramethylrhodamine. The primers were WSSV1 (5Ј-CCG ACG CCA AGG GAA CT-3Ј) and WSSV2 (5Ј-TTC AGA TTC GTT ACC GTT TCC A-3Ј). The TaqMan real-time PCR assay was carried out using TaqMan Universal PCR Master Mix (PE Applied Biosystems). A standard curve for WSSV was constructed as previously described (28) . Quantitation of WSSV amplicons was accomplished by measuring the cycle threshold (C T ) value. Since the plot of log of initial target copy number for the TaqMan assay was identical to that in WSSV DNA, it was considered that C T values obtained with infected shrimp DNA extracts could be converted to the numbers of viral genomic DNA targets by using the standard curve, and they are referred to here as viral titers. Relative amounts of PmRab7 expression were calculated from the C T value of PmRab7 divided by C T value of 18S rRNA.
WSSV purification. The virus used in this study was isolated from WSSVinfected P. monodon shrimp from Thailand. WSSV purification followed the method described by Wang et al. (37) . The viral titer (10 8 copies/l) was determined by real-time PCR as described above. Viral preparations were stored at Ϫ20°C. The purity of the WSSV preparation was determined by transmission electron microscopy.
Determination of binding specificity by ELISA. Flat-bottomed 96-well ELISA plates (Nunc) were coated with 100 g of either SHM, purified His 6 -PmRab7, or BSA (100 g). The plates were incubated in a humid chamber at 4°C overnight and then blocked with 150 l of 10% heat-inactivated fetal bovine serum (HyClone) diluted in PBS buffer for 2 h at room temperature. The plates were washed with PBS buffer containing 0.05% Tween 20, and various dilutions of rVP28 (0 to 200 g) or WSSV titer (10 to 10 8 copies) were added. After incubation at room temperature for 1 h followed by extensive washing, mouse anti-VP28 antibody was added and the bound anti-VP28 antibody was detected with a 1:2,000 dilution of HRPlabeled goat anti-mouse antibody (Dako). The reaction was visualized using the HRP substrate 3,3,5,5Ј-tetramethylbenzidine (Sigma). The reaction was stopped by the addition of 2 N H 2 SO 4 , and the absorbance was immediately read at 450 nm using an ELISA reader (VersaMax).
For blocking the ELISA, coated plates were first blocked with various dilutions (from undiluted to 1:1,024) of rabbit anti-Rab7 antibody (anti-Rab7) (rabbit polyclonal IgG raised against epitopes corresponding to amino acids 158 to 207 of Rab7 of human origin [Santa Cruz]) or anti-shrimp molt-inhibiting hormone antibody (anti-MIH) (kindly provided by P. Wongthai and B. Withyachumnarnkul, Mahidol University, Thailand). This was followed by washing, reaction with 100 g of rVP28 or 1,000 copies of WSSV, and detection of bound rVP28 or WSSV by anti-VP28 antibody as described above.
In vivo neutralization. Penaeus vannamei shrimp (6 to 8 g [fresh weight]) were divided into five groups, with three replicates of 10 shrimp in each group. One replicate of each group was used to collect shrimp at intervals for histological examination. Shrimp were injected as follows: group 1 with WSSV (10 3 copies/shrimp) (positive control), group 2 with TN buffer (20 mM Tris-HCl, 400 mM NaCl [pH 7.4]) (buffer negative control), group 3 with WSSV plus PmRab7 (10 g/shrimp) as the recombinant protein test, group 4 with WSSV plus anti-Rab7 antibody (diluted 1:10 in TN buffer) as the anti-Rab7 test, and group 5 with WSSV plus anti-MIH (diluted 1:50 in TN buffer) as the antibody negative control. The antibody or PmRab7-plus-WSSV preparations were mixed and immediately injected into the experimental shrimp. The experiment was carried out twice using the semipurified WSSV described above. Cumulative mortality at 13 days after WSSV injection was recorded and compared by one-way analysis of variance using Sigmastat software (Jandel Scientific Co., Ltd.). Differences were considered significant when the P value was Ͻ0.05.
Histological examination. On day 4 postchallenge with WSSV, all shrimp survivors were sacrificed by stunning in ice water and fixed with Davidson's fixative, and cephalothoraxes were processed by standard methods (14) for histological detection of pathognomonic lesions of WSSV (14) .
Nucleotide sequence accession number. The full-length sequence of Rab7 in the shrimp P. monodon has been deposited in GenBank under accession number DQ231062.
RESULTS

Expression of WSSV rVP28 in bacteria.
For conducting the VOPBA, a recombinant viral envelope protein, rVP28, was produced by a bacterial expression system (Fig. 1, lane 2) . A yield of 10 to 15 mg/liter of protein was obtained after affinity chromatography purification (Fig. 1, lane 3) . The identity of rVP28 was confirmed by Western blotting with an anti-VP28 antibody (Fig. 1, lane 4) . The rVP28 had an jvi.asm.org apparent molecular mass of approximately 29 kDa, including the His tag. Identification of WBPs. By use of the VOPBA technique to identify host proteins that could bind with WSSV rVP28, anti-VP28 antibody revealed three distinct hemocyte membrane protein bands in SDS-PAGE, with apparent molecular masses of 14, 25, and 30 kDa (Fig. 2, lane 2) . These three WBPs are referred to below as WBP14, WBP25, and WBP30. Analysis of these WBPs by liquid chromatography-tandem mass spectrometry showed that they were similar to proteins in the GenBank public database (Table 1 ). In particular, liquid chromatography-tandem mass spectrometry showed that WBP25 resembled a small GTP-binding protein, yptV5, from Volvox carteri ( Table  1 ). The sequence of the algal protein yptV5 was similar to those of Rab7 proteins found in both plants and animals (65 to 71% identity). Since Rab7 is involved in the major routes of endocytosis used by viruses (26) , WBP25 was investigated further.
PmRab7 sequence analysis and tissue distribution. The fulllength sequence of Rab7 in the shrimp P. monodon was identified in a Taiwan cDNA library (Fig. 3) . The PmRab7 open reading frame has 1,357 bp encoding a polypeptide of 205 amino acids. Its estimated molecular mass is 21,930 Da, with a pI of 5.51. The widely spaced distribution of three WBP25 peptide sequences matching PmRab7 (Fig. 3A) further increased the reliability of the MASCOT results (MASCOT value of 128). The molecular mass calculated from the deduced amino acid sequence is slightly lower than that of the corresponding WBP25 protein observed by SDS-PAGE (ϳ25 kDa), suggesting that PmRab7 may undergo posttranslational modification. Consistent with this, Fig. 3B shows that the C terminus has two cysteine residues that may be isoprenylated, a crucial posttranslational modification that enables Rab proteins to associate and target the cell membrane (4). More importantly, PmRab7 has the four conserved GTP-binding or GTPase regions of the small G protein superfamily (G1 and G3 to G5), as well as an effector site (G2). These five regions are characteristic of Rab proteins (1) . The sequence analysis suggests that PmRab7 may be an active GTPase that could cycle between the GDP-and GTP-bound states. PmRab7 is the first Rab homologue from crustaceans to be identified and characterized.
The tissue distribution of PmRab7-mRNA was studied by RT-PCR. The results revealed that PmRab7 is commonly expressed in various normal shrimp tissues, including hepatopancreas, hemocytes, stomach, lymphoid organ, gills, and heart ( Fig. 4 ). Real-time PCR analysis showed that there was no significant change in the level of the PmRab7 transcript during the course of WSSV infection (data not shown). This result suggested that PmRab7 is a constitutively expressed gene.
GST pull-down assay. A GST pull-down experiment was used to confirm the functionality of PmRab7 and specifically its interaction with rVP28 ( Fig. 5 ). Glutathione beads effectively pulled down both GST and GST-PmRab7 (Fig. 5 ), although the pull-down efficiency was higher with GST ( Fig. 5, lanes 1  and 9) than with GST-PmRab7 (Fig. 5, lanes 4 and 12) . When the same membrane was probed with antihistidine antibody, VP28 was present only in the pull-down product of GST-PmRab7 (Fig. 5, lanes 2 and 6) . These data suggest that GST-PmRab7, not GST alone, is able to coprecipitate rVP28 and confirmed the specific binding of PmRab7 and viral envelope protein. The BSA control showed no coprecipitation of BSA with GST-PmRab7 (lane 3).
Specificity of PmRab7 binding as determined by ELISA. We have developed ELISA tests to determine the specificity of PmRab7 binding to rVP28 or WSSV particles. ELISA tests with SHM, purified rPmRab7, and BSA (control) showed that binding of SHM and rPmRab7 to rVP28 and WSSV was dose dependent (Fig. 6) . No binding was observed with BSA. Binding of higher concentrations of virus would clarify whether the binding was truly saturable, but the required amount of virus with the excess to test for binding specificity was practically unattainable by current methodology. The interaction between SHM or rPmRab7 and WSSV could be detected when a viral titer of 10,000 was used. The amount of binding increased as the titer increased. However, at 10 7 , binding to SHM was much less than it was to PmRab7. The difference was not as great at a titer of 10 8 . The reason for this is unclear but may be related to differences in the dynamics of WSSV binding to purified PmRab7 as opposed to PmRab7 associated with other molecules within cell membranes. These other molecules may modulate the PmRab7 interaction with VP28, or they may interact directly with other WSSV proteins in a manner that affects PmRab7-VP28 binding.
Binding of PmRab7 to WSSV is blocked by anti-Rab7 antibody. In this study, we tested whether anti-Rab7 antibody could block the binding of SHM or rPmRab7 to rVP28 or to WSSV particles. After Western blotting confirmed that the commercial rabbit anti-human Rab7 antibody could detect both recombinant PmRab7 (Fig. 7, lane 4) and hemocyte membrane Rab7 (Fig. 7, lane 5) , ELISA results showed that binding was reduced as the amount of anti-Rab7 antibody was increased (Fig. 8) . The control antibody (anti-MIH) had no effect on the binding. Similarly, there was no color detected when BSA was applied to plates instead of SHM or rPmRab7.
In vivo neutralization. The in vivo assay was developed to test whether PmRab7 or anti-Rab7 antibody could block WSSV infection in shrimp. Shrimp mortality increased steadily from day 1 to day 7, ending at 95% for both shrimp groups injected with WSSV alone (positive control) and groups injected with WSSV plus anti-MIH antibody (antibody negative control) ( Fig. 9 ). By contrast, there was no shrimp mortality in the buffer-injected group (negative control group) and low shrimp mortality in groups injected with WSSV plus anti-Rab7 (5%) or WSSV plus PmRab7 (15%). The tests were done twice, and similar results were observed. Thus, the results indicated that both PmRab7 and anti-Rab7 antibody could block white spot disease in shrimp. Histological examination of surviving shrimp in each group on day 4 postchallenge confirmed typical WSSV histopathology (i.e., large basophilic, intranuclear viral inclusions in subcuticular epithelial cells) in shrimp injected with WSSV alone (Fig. 10A ) or with WSSV plus anti-MIH antibody (results were similar to those in Fig. 10A ). These inclusions were not found in tissues of the surviving shrimp injected with WSSV plus anti-Rab7 antibody (Fig.  10B) , with WSSV plus PmRab7 (Fig. 10C ), or with buffer ( Fig.  10D ).
DISCUSSION
We have shown that the GTP-binding protein Rab7 may be a receptor for VP28 envelope protein of WSSV in shrimp. Rab proteins are known to be regulators of vesicle budding and fusion events and represent a family of over 30 proteins that are localized on the surfaces of distinct mem- brane-enclosed compartments of exocytic and endocytic pathways. They are found in all eukaryotes, including yeasts, plants, insects, and mammals (22, 24, 42) . Pan et al. (20) studied differential gene expression in WSSV-resistant shrimp (Penaeus japonicus) by subtractive hybridization and showed that genes for small GTPases are up-regulated in virus-resistant shrimp. These small GTP-binding proteins comprise products of the Ras, Rab/YPT, and Rho gene families and are involved in diverse cellular functions, including growth, differentiation, and vesicular traffic (42) . In mammalian cells, Rab7 protein is associated with late endosomes and regulates the traffic from early to late endosomes and/or from late endosomes to lysosomes (4, 8) . Rab7 function appears to be required for efficient phagocytosis (2, 17) . In its primary structure, every Rab protein contains five characteristic regions (1) . Four of these are GTP-binding or GTPase regions that are conserved in all members of the small G protein superfamily. The fifth is termed an effector site, which interacts with accessory protein and contains amino acids especially conserved in the Rab family (Fig.  3B ). In agreement with this, the PmRab7 gene sequence codes for a deduced polypeptide containing five extremely conserved motifs involved in GTP-binding or GTPase activity and an isoprenylation site, suggesting that PmRab7 is an active GTPase that is able to cycle between GDP-and GTPbound states.
It is well known that many viruses use endocytosis as a route of entry into host cells (23, 25, 26) . According to this model, a virus binds to cell surface receptors and is then internalized into the endocytic network in a manner that is generally considered to be calthrin dependent. For example, adenovirus subgroup B (Ad7) undergoes high-affinity interaction with its receptor Ad7 that is colocalized with Rab7 as it is trafficked to late endosomes (18) . Rabs act as molecular switches to control trafficking of endocytic vesicles within cells, as well as their subsequent fusion to endosomes However, our work now shows that an enveloped virus can bind directly to a Rab protein (Fig. 2, 5, 6, 8, and 9 ). In particular, Fig. 6 shows that PmRab7 binds to WSSV virions and to the recombinant WSSV envelope protein or VP28 in a dosedependent manner, Fig. 8 shows that anti-Rab7 antibody can inhibit these interactions, and Fig. 5 confirms the specificity of this binding. Further tests, such as immunofluorescence by confocal microscopy or immunogold labeling for transmission electron microscopy, would be necessary to establish whether or not PmRab7 is localized at the hemocyte cell surface. If it is, then simple receptor interference would explain the protective effect of PmRab7 and anti-PmRab7 in our WSSV challenge tests (see below). If, on the other hand, it is exclusively localized in cytoplasmic mem-FIG. 8. Anti-Rab7 antibody inhibits the binding of rVP28 or WSSV to PmRab7. SHM or PmRab7 (100 g) was applied to a microwell plate and incubated with different dilutions of anti-Rab7 antibody or anti-MIH antibody (positive control). After removal of excess antibodies, rVP28 (100 g) (A) or purified WSSV (10 3 copies) (B) was added to each well. The amount of rVP28 or WSSV binding to PmRab7 were determined with anti-VP28 antibody and secondary antibody conjugated with HRP. The binding was determined by spectrophotometry after addition of HRP substrate (ELISA score). Only one replicate was done for SHM plus anti-MIH and PmRab7 plus anti-MIH. Error bars indicate standard deviations.
FIG. 9. Neutralization of WSSV with anti-Rab7 antibody and PmRab7. On day 0, shrimp were injected as follows: group 1, WSSV (10 3 copies/shrimp); group 2, TN buffer; group 3, WSSV plus PmRab7 (10 g/shrimp); group 4, WSSV plus anti-Rab7 antibody; group 5, WSSV plus anti-MIH antibody. Cumulative mortality data represent the pooled results for two replications (n ϭ 10 for each group). The experiment was done two times. Error bars indicate standard deviations.
branes as previously suggested (1), the mechanism for this protection would be more complex. For example, prior binding of PmRab7 to WSSV via VP28 might interfere with viral binding to the cell surface via a different receptor, but an explanation for protection by anti-PmRab7 would be more difficult. Thus, we believe that the balance of our results leans in favor of at least some presence of PmRab7 at the cell surface, despite previous information suggesting that it is exclusively cytoplasmic (1).
In vivo neutralization experiments have been widely used for many vertebrate viruses and have led to the development of passive immunization strategies. In shrimp, use of an anti-VP28 antibody resulted in a low cumulative mortality in immersion or challenge tests with WSSV (34). Witteveldt et al. (38) also showed that injection of recombinant VP28 could reduce the mortality caused by WSSV in shrimp. Similarly, a reduction and delay in mortality were observed upon the use of antibodies to other WSSV envelope proteins, such as VP68, VP281, and VP466 (40) . Using an alternative strategy for the first time in shrimp, we have shown that either PmRab7 or an antibody to it can reduce and delay mortality upon WSSV challenge. These results may open the way for the design of novel methods to prevent shrimp death from WSSV infection. 
